We examined the importance of seed size in the early establishment of seedlings of four cotyledonous species restricted to nutrient-impoverished soils in south-western Australia. Experimentally removing cotyledons from seedlings increased mortality and reduced root-penetration, growth rate and final weight of plants after 12 wk, in proportion to seed size. The impact of removal of the cotyledons was least in the smallest-seeded, Eucalyptus loxophleba Benth., grown in the more fertile of two soils, and greatest in the largest-seeded, Hakea psilorrhyncha R. M. Barker, whose growth was otherwise unaffected by soil type. In the smallest-seeded species, cotyledon content of most mineral nutrients increased over time, especially in the more fertile soil, while chlorophyll content showed some decrease by the end of the experiment. In the other species, most nutrients (especially N, P, K and Cu in the less fertile soil) were translocated from the cotyledons to the growing plant, and chlorophyll content declined markedly. The translocated N, P, K, Mg and Cu in these species made up a substantial part of the total plant content by 12 wk after germination, while total Ca and Fe tended to increase in the cotyledons via substantial soil uptake. The results indicate, contrary to reports for some other species, that the cotyledons have an important nutritional function in the early establishment of seedlings in these species. The results also show that, in the larger-seeded species, young seedlings rely to a greater extent on nutrient support from the cotyledons than from the soil. We propose that large seeds might be an adaptation for enhancing establishment in nutrient-poor soils.

Seed masses vary by several orders of magnitude between species and there is at present much interest in the consequences of seed size on various aspects of plant life (Leishman & Westoby, 1994 ; Hammond & Brown, 1995 ; Metcalfe & Grubb, 1995 ; Milberg et al., 1996) as well as in the adaptational interpretation of trade-offs between seed mass and other plant attributes (Westoby, Leishman & Lord, 1996) . There is a general consensus that seedlings from larger seeds have a better start in life because of the larger store of carbohydrates in the seed's endosperm or cotyledons. It has been shown that partial removal of seed tissue can reduce the size of the seedlings produced (Zhang & Maun, 1991) and that partial or total removal of cotyledons can reduce biomass production and even cause death in young seedlings (Mulligan & Patrick, 1985 ; Armstrong & Westoby, 1993) . Nevertheless, two recent studies did not detect a substantial effect of cotyledon removal on survival and growth of oak seedlings (Sonesson, 1994 ; Andersson & Frost, 1996) .
The storage tissue of the seed can be considered to have two functions : sources of energy and of nutrients. The latter function could be expected to be especially important in nutrient-poor soils, and although experimental tests on the benefits of large seed size in relation to nutrient poor conditions are rare, there is some indirect support for this notion. A study of the grass genus Chionochloa showed that species from poorer soils tended to have larger seeds (Lee & Fenner, 1989) . Other studies have failed to demonstrate that species occurring on nutrientimpoverished soils have heavier seeds (Westoby, Rice & Howell, 1990 ; Hammond & Brown, 1995) . However, seeds of species inhabiting nutrient-poor soils in south-western Australia generally have higher concentrations of several nutrients than species from elsewhere (Kuo, Hocking & Pate, 1982) .
Furthermore, seedlings from heavier-seeded species survived longer than those from lighter-seeded species when grown in the absence of mineral nutrients (Jurado & Westoby, 1992) .
We studied the effect of the removal of the cotyledons of recently emerged seedlings on their survival and growth in two soils differing in nutrient status. By examining nutrient contents of cotyledons and seedlings we were able to quantify how much of ten nutrients was redistributed from the cotyledons to seedlings. The four species examined, belonging to two genera, varied in seed mass from 0n5 to 67 mg, and we expected the large-seeded species to be more dependent on nutrients provided by the cotyledons than were the small-seeded species. Finally, we grew seedlings on two soils in order to see if support from the cotyledons for root and shoot growth was more important under the more nutrient-impoverished conditions.
  

Plant material and soils
Four woody plant species were grown in two soil types. Fruits of Eucalyptus todtiana F. Muell. and Hakea psilorrhyncha R. M. Barker were collected from scrub-heath on sandy soil at Eneabba, 280 km north of Perth, Western Australia. At this site there were no other eucalypts present and H. psilorrhyncha was the dominant Hakea. Sand was collected from the same site and was taken from the uppermost 150 mm (after scraping away decomposing litter). Fruits of Eucalyptus loxophleba Benth. and Hakea circumalata Meissn. were collected from eucalypt woodland on a loamy soil at Watheroo National Park, 220 km north-north-east of Perth. These were The soils differed significantly (P 0n05) for all nutrients studied as did shoot mass of Avena fatua L. grown in the soils (t-test). N, P and K were considered limiting if their supplementation resulted in greater shoot mass of A. fatua in a 3-way interaction experiment. Derived from Lamont (1994) .
the only species in their genera present at this site. Soil was collected from around both species. The nutrient status of the two soils used is described in Table 1 .
To minimize phenotypic variation within treatments, eucalypt seeds were collected from a single large plant, and each fruit contributed between one (E. todtiana) and several seeds (E. loxophleba). There are normally two seeds in each fruit of Hakea, and several adjacent individuals contributed to these seed batches. Fruits were air-dried immediately after harvest, seeds were extracted, and their mass was established by individually weighing 25 seeds. Hence, the seed masses reported are of the seeds used in the experiment and do not necessarily represent the average seed mass of these species. Seeds were stored in envelopes for 3 months, then placed on moist paper towelling in a sealed tray at 15 mC. Most seeds had germinated after 3 wk, and after 4 wk 30 germinants were transplanted to sand and 30 to loam. The soil was held in 250-ml plastic tubes (Cone-tainers2, Oregon, USA) suspended in racks which were placed on a central bench in an unshaded and unheated glasshouse (Stanford University, CA, USA). The tubes were kept moist with tap-water throughout the study by watering slowly every 1-2 d until drops appeared at the drainage hole at the base of the tube. Once the cotyledons had completed their lateral spread in the tubes (after a further 1-2 wk), the treatments were begun. In addition, 10 (initial) seedlings were removed, their roots washed clean and rinsed in distilled water, and their cotyledons removed. Seedlings and cotyledons were dried at 70 mC for 2 d, weighed and kept for nutrient analysis.
Cotyledons were removed from 10 random seedlings while 10 others were left as controls. To gauge growth rates (without harvesting), the lengths of all leaves produced per individual were measured at weekly intervals over the next 9 wk (31 August-2 November). Weekly minimum and maximum temperatures were recorded and averaged to give 14n1p1n8 mC () minimum and 31n0p2n1 mC maximum. Photon fluence rate (400-700 nm) received was 766p283 µmol m −# s −" on a clear day (recorded at 2-h intervals through the day on two occasions with a Licor2 quantum sensor) and 311p195 on an overcast day, corresponding to 29 and 40 % of full daylight, respectively. The drainage hole of each tube was inspected weekly and the time of first appearance of roots (a distance of 150 mm from the seed's location) was noted. At harvest, the root systems were washed free of soil and rinsed in distilled water, cotyledons were removed from the controls, and all were dried at 70 mC for 2 d, then weighed.
In order to gauge the photosynthetic potential of the cotyledons, three to six cotyledons at the start of the experiment (initial) and three to six at the end (final) were weighed and analysed for total chlorophyll content. About 0n05 g of tissue was removed and placed in a glass vial containing about 100 times the tissue weight of dimethylformamide and left to extract for 2 d at 4 mC (Moran, 1982) . Duplicate readings were taken at 624n5 and 647 nm on a scanning spectrophotometer (Perkin-Elmer, Coleman). The mean values were used to calculate the concentration (µg ml −" of solvent) of chlorophyll a and b, and hence total chlorophyll content.
To show change in cotyledon size after germination, 10 seeds were imbibed for 3 d in tapwater, removed from their testas, and their surface area, as well as that of cotyledons of 10 initial seedlings, was determined with an automated leaf planimeter (Paton Industries, Adelaide, Australia).
Five seedlings (with cotyledons), single bulked batches of all available (7-130) initial and final cotyledons, and 1 g of seeds were re-dried, milled to pass through a 1-mm sieve and sealed in vials for nutrient analysis. Five batches of two to four plants of E. loxophleba were used. Nitrogen was determined on a four-channel autoanalyser system, using modifications of the Technicon procedure (Anonymous, 1977) , colorimetrically by the indophenol blue method after digestion with sulphuric acid and hydrogen peroxide (Yuen & Pollard, 1954) . Phosphorus, K, Na, Ca, Mg, Cu, Fe, Mn and Zn were determined by inductively coupled plasma atomic emission spectroscopy on the same digest. Mean mass per individual per batch was multiplied by concentration to give total content of each nutrient.
Statistics
To test for differences between species and soil types in final weight of plants (log-transformed), an  was conducted (fixed treatment effects model).

Performance in relation to seed mass
Final biomass of plants differed between species (F l 322n3 ($,$!) , P 0n001). The largest-seeded, H. psilorrhyncha, produced the largest, and the smallestseeded, E. loxophleba, the smallest plants, whereas those of E. todtiana and H. circumalata were of intermediate size (Fig. 1) . Growth of the two eucalypts was tending to plateau by the end of the experiment, while the two hakeas were still in the linear phase of growth (Fig. 2) . Roots of E. loxophleba were the slowest to reach the bottom of the containers (Fig. 3) .
Effect of removal of cotyledons
Removing the cotyledons affected growth, survival and soil penetration differently in the four species. Mortality was highest in the large-seeded hakeas, irrespective of soil type, but no E. loxophleba seedlings died (Table 2 ). Shoot and root growth (Figs 1 b, 2, 3) were most severely reduced in the two hakeas, and least in the smallest-seeded eucalypt. Owing to high mortality in some species and treatments,  could not be used to test the effect of cotyledon removal on final weight of plants.
Influence of soil type
There was a significant interaction in final weight of plants between species and soil type (F l 140n3 ($,$!) , P 0n001). For the small-seeded E. loxophleba, soil type had a large influence, with hardly any growth occurring on the nutrient-impoverished sandy soil, whereas the growth of the large-seeded hakeas did not differ much between the soil types (Figs 1, 2) . Removal of the cotyledons had greatest impact on growth in the sandy soil (Fig. 1 b) .
Development of cotyledons during growth
By the the start of the experiment, the area of the cotyledons was much greater than it had been in the imbibed seeds (Table 3) . From the start of the experiments, the mass of cotyledons increased many times in the smallest-seeded species, E. loxophleba, whereas the mass of the other species decreased somewhat during the 9 wk of growth (Table 3) . Chlorophyll content of the cotyledons had fallen substantially by the end of the experiment in the hakeas and E. todtiana but not in E. loxophleba (Table 3) .
Nutrient content of seeds, cotyledons and seedlings
Total nutrient content reflected seed size (Table 4) although the proportion of individual nutrients differed somewhat between the four species. For example, although P concentration was constant, N concentration in the larger-seeded species was higher than in the smaller-seeded species.
Eucalyptus loxophleba differed from the other species in that cotyledon contents of most nutrients increased during the experimental period, especially Ca and Fe in loam (Table 5 ). Only for P in the nutrient-poor sandy soil, did the initial cotyledon content make up a substantial part of total plant P after 9 wk. In the other three species, the cotyledon content of most nutrients decreased during the period. Substantial amounts, often 50 %, of N, P, K, Na, Mg, Cu and Zn were translocated from the initial cotyledons into the seedling. The contents of Ca and Fe, however, increased in many cases.
The amount of N translocated from the cotyledons corresponded to 30-89 % of the total N present in the plants at harvest. Phosphorus was most efficiently translocated from the cotyledons : 88-94 %. It appears that, when plants were grown on the nutrientpoor sandy soil, P was actually lost from the plants, since the final amount was less than that in the initial cotyledon (Table 5) . Generally, the nutrient content of the initial cotyledons made up a larger proportion of the total nutrient content after growth on the nutrient-impoverished sand than when grown on the loam. 

The role of cotyledons
The importance of seed size has been examined from many perspectives (e.g. Fenner, 1983 ; Osunkoya et al., 1992 ; Armstrong & Westoby, 1993 ; Maranon & Grubb, 1993 ; Leishman & Westoby, 1994 ; Hammond & Brown, 1995 ; Metcalfe & Grubb, 1995) but its relationship to establishment success under nutrient-poor conditions has been given little attention (Stock, Pate & Delfs, 1990 ). The present study has shown, by experimental removal of the cotyledons and analyses of their contents, that seeds might be a major source of nutrients for satisfying seedling growth requirements. This role was especially pronounced under nutrient-poor conditions where total plant mass was very sensitive to seed mass, and where there was a greater reduction in growth in the absence of cotyledons (Fig. 1) . Another function of cotyledons is to provide photosynthetic assimilates to promote growth of the seedling (Marshall & Kozlowski, 1976 ; Ampofo, Moore & Lovell, 1976 a, b) . However, the relative effect of cotyledon removal on performance was a function of remobilizable nutrient content (N, P, K, Mg, Cu) but not of cotyledon mass, area or chlorophyll content ( Fig. 1 ; Tables 3, 4) . Other work has shown that shading the Hakea cotyledons from light had little effect on seedling growth (B. B. Lamont, unpublished) . Hence, in a competitive situation, seed mass, as an index of nutrient support for growth rather than energy source, could be vital in a nutrientpoor environment, particularly in Mediterraneanclimate regions and for species with little inherent Seed mass 0n5p0n0 1 0 n 2 p 0 n 5 2 3 n 2 p 2 n 6 6 7 n 1 p 1 n 9 ( nl25 drought tolerance, where rapid root growth is required to ensure that contact with soil moisture is maintained over the first summer (Richards & Lamont, 1996) . The present study showed that vertical root growth was most rapid in the largeseeded species, especially in the sand (Fig. 3) . If small-seeded species endemic to nutrient-poor soils are slower to develop a vertical root, and hence less likely to reach permanent moisture, it is possible that they are physiologically more drought-tolerant than large-seeded ones (e.g. Lamont & Witkowski, 1995) . The larger-seeded of each eucalypt and hakea species pair, restricted naturally to the less fertile of the two soils, were most affected by cotyledon removal. The smallest-seeded, E. loxophleba, was least affected by removal of the cotyledons, but instead responded greatly to nutrient status of the soil (Table 3 ; Figs 1-3) . It grew extremely poorly in the nutrient-impoverished sand, in contrast to soil from its native habitat. Its cotyledons increased very much in size and nutrient content, especially in the loam, during the experiment, indicating that cotyledons could be important for energy acquisition in this species. This is supported by the fact that chlorophyll content was maintained over time in this species but decreased markedly in the other three. Since the amounts of chlorophyll in the cotyledons of the larger-seeded species were insignificant compared with leaf content (B. B. Lamont, unpublished), we assume that cotyledon photosynthesis supplies the energy needed for retranslocation of nutrients rather than supports growth of the seedling.
Redistribution of nutrients
In all four species, most seed nutrient concentrations were equivalent to those reported for other species from poor soils in Australia and South Africa (Kuo et al., 1982 ; Hocking, 1986 ; Pate et al., 1986 ; Esler et al., 1989 ) but higher than those reported for species from elsewhere (e.g. Fenner, 1986 ; Lee & 3  0  20  13  9  2  20  9  Zn  2  0  12  13  7  10  35  43 12-wk-old plants were harvested after 9 wk growth in sand or loam. Fenner, 1989) . Large amounts of N, P, K, Na, Cu and Zn were translocated to the growing seedling in all but the smallest-seeded, E. loxophleba. The translocated amounts made up a substantial part, especially in the less fertile sandy soil, of the total amount of N and P, and to some extent, Mg, K and Cu, in the plants by 12 wk (Table 5) . Deprived of this nutrient source, growth and root-penetration were severely retarded in the larger-seeded species (Figs 1-3) . In many cases the poorly remobilizable nutrients, Ca and Fe, accumulated in the cotyledons during the experiment (Table 5) , consistent with previous reports on woody species (Marshall & Kozlowski, 1975) and indicating that soil sources might usually be adequate for these nutrients (Stock et al., 1990) . The puzzling loss of P from the three largerseeded species in the nutrient-poor sand (Table 5) has in fact been recorded for other species grown in nutrient-poor soils. Total P content dropped after 60-80 d in H. ericea (Mitchell & Allsopp, 1984 ; Stock et al., 1990) , after 20-25 d in Eucalyptus pilularis (Mulligan & Patrick, 1985) and after 80 d in Leucadendron laureolum and two Protea spp. (Stock et al., 1990) . In the latter investigation, all other nutrients studied showed a steady increase over time. Phosphorus is present in H. sericea cotyledons mainly as phytic acid, and this is rapidly converted to inorganic phosphate (Mitchell & Allsopp, 1984) . This is easily translocated, and perhaps plants cannot prevent leakage through the roots, especially as a result of regular watering. It is also possible that root damage and leakage during harvest could have caused some loss of P. Since P is one of the most limiting nutrients in the habitat of these species (Table 1 ; Lamont, 1994) , it would be surprising if plants were incapable of retaining P under nutrientpoor conditions and the phenomenon merits further investigation. 

